Subsidence is a major factor in the accumulation and architecture of natural basin fills. A recently built experimental facility (Experimental Earthscape Facility [XES]) at St. Anthony Falls Laboratory of the University of Minnesota incorporates, for the first time, a flexible subsiding floor in its design. Thus the experimental basin can model erosion and deposition associated with independent variations in sediment supply, absolute base-level change, and rates and geometries of subsidence. The results of the first experiment in a prototype basin (1 ‫ן‬ 1.6 ‫ן‬ 0.8 m) are described here, wherein the stratigraphic development associated with first slow and then rapid base-level cycles in a basin that has a sag geometry has been analyzed. A videotape of the experiment and subsequent serial slicing of the dried strata in the basin allow interpretation of the sequence development under conditions of precisely known changes of absolute base level, subsidence, and sedimentation. Relative base-level changes, which strongly varied in the basin owing to the sag geometry of subsidence, seem to exert primary control on sedimentary patterns, although autocyclic changes were also important.
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record of this sequence boundary is a single yet very subtle widespread unconformity that becomes conformable downstream, which is difficult to trace in stratigraphic cross section.
In contrast, the incised valley that formed during the rapid baselevel fall was relatively narrow, deep, and lengthened over time as deposits at the mouth of the valley were gradually exposed and incised through. Wholesale backfilling of the incised valley did not begin until the rapid base-level rise started. As a result, the rapid base-level change produced a more easily recognized incised valley in the stratigraphic record than did the slow base-level change.
Potential reservoir development within the strata is evaluated by means of a gray-scale proxy for porosity. Four distinctive zones of enhanced reservoir quality occurred in the basin: the most proximal part of the basin; the upper part of growth-fault-bounded sedimentary wedges; deep-water forced regressive systems tract composed of grainflow deposits; and transgressive systems tract formed during the rapid base-level rise. This distribution of relatively porous units suggests that, for a variety of reasons, rapid sea level cycles may produce the best reservoir units.
I N T R O D U C T I O N
Stratigraphy is characterized by inverse problems-we are presented with results and need to interpret the causes. For this reason it is difficult to uniquely interpret the fundamental causes leading to the stratigraphic product. In contrast, forward models, such as the experimental study described here, have the advantage of producing a stratigraphy as a result of clearly defined controls. Questions arise regarding scaling of experimental results to real-world basins; nonetheless, experimental studies provide unequivocal insight into many of the physical processes associated with stratigraphic development.
Experimental studies, particularly those done at Colorado State University (Schumm et al., 1987; Wood et al., 1993; Koss et al., 1994) , have examined basin-scale geomorphic development as a result of varying base level and sediment and water supply. Schumm (1993) summarized many earlier experimental studies. Large experiments such as these provide useful analogs for sequence stratigraphic models. The limitation has always been, however, that subsidence, one of the most fundamental controls on basin evolution, is extremely difficult to reproduce under laboratory conditions. Because there is no alternate way of mimicking the effects of tectonic subsidence, particularly in the nonmarine parts of basins, tectonic controls on basin stratigraphy have been difficult to model experimentally.
The Experimental Earthscape Facility (XES) Basin, recently installed at the St. Anthony Falls Laboratory of the University of Minnesota, was built as a forward model with which to understand the processes of basin filling under varying conditions of subsidence, base-level change, and varying sediment supply (Paola et al., in press). Prior to construction of the large (13 ‫ן‬ 6.5 ‫ן‬ 1.3 m) facility, a small prototype basin was built (Figure 1) . A single experimental run, designated XES 96-1, was done in the prototype basin. The goal of that study, in addition to testing operational development, was to look at the control of rate of absolute base-level change (i.e., absolute change of water level in the basin) on shoreline migration and stratigraphic response. In this article we describe the sequence stratigraphy of the basin fill under conditions of slow vs. rapid baselevel change. We note that the prototype basin is relatively small. As a result, some aspects of the fill are unusual, imposed by the proximity of boundary conditions. Such effects include pervasive normal and reverse faulting due to the curvature of the basin floor during subsidence and the proximity of basin walls, development of locally scouring jets of water along the lateral walls of the basin, and limited ability to selfchannelize due to the short transport distance of the fluvial system. Nonetheless, to our delight, several robust stratigraphic relationships developed that are clear analogs to features observed in rock successions and most clearly seen in seismic data. Thus even these prototype results have heuristic value.
T H E E X P E R I M E N T A L B A S I N
Details on the construction and operation of the XES facility can be found in Paola (2000) and Paola et al. (in press) and are only briefly described in this article. Total usable basin dimensions are 1.6 m long, 1 m wide, and 0.8 m deep. The floor uses a honeycomb design with 10 independent subsidence cells to produce spatially variable deposition (Figure 1 ). Each cell funnels down into a small opening that is connected to an elbow pipe containing a water jet and exhaust line. This floor is covered with a layer of well-sorted gravel over which is draped a stretchable thin rubber membrane. Subsidence occurs by extracting small amounts of gravel from the bottom of each hexagonal cell induced by a controlled burst of the water jet. By controlling the duration of each blast of a water jet, and because of the taper within the cell, each jet burst yields less than 0.1 mm of subsidence at the membrane surface. Sediment and water were fed from a single source near the basin perimeter ( Figure 1B ). The sediment discharge rate was 3.53 cm 3 /s, and the water discharge was 55.3 cm 3 /s. Although the sediment was completely trapped within the basin, the elevation of standing water (base level) was tightly controlled by a constant-head tank linked by siphon to the downstream end of the basin. The sediment was composed of a 50:50 mixture (by volume) of quartz and coal sand, both of median size close to 120 lm (fine sand). Because coal has a specific gravity of 1.3, whereas quartz has a specific gravity of 2.65, the coal grains are significantly more mobile than the quartz sand and serve as a proxy for fine-grained sediment.
Subsidence rates were varied across the basin so as to produce a simple sag geometry with a maximum at basin center. The rates of subsidence and of water and sediment discharge were held constant over time throughout the run. Sediment discharge was set to balance the rate of production of accommodation space by subsidence in the basin. The capture ratio (Paola et al., 1992a ) is 1 (i.e., basin is neither overfilled nor underfilled). As a result, on average, the shoreline position would be maintained midway along the length of the basin in the absence of imposed base-level changes ( Figure 1B) . , 22, 28, 40, 46, 47.25, 48.5 , and 54 hr break out the different phases of base-level change and their relationship to shoreline position.
S T U D Y M E T H O D
As we ran the experiment, an overhead video camera recorded surface morphology at 2.5 min intervals. Processing the videotape, which was corrected for distortion, allowed us to map the shoreline position through time ( Figure 2) . A clock mounted on the basin and seen in the videotape provided the measurement of time and allowed us to correlate shoreline migration to the known history of absolute base-level change. Although quartz did make it offshore, especially during times of falling base level, the steep slope gradient, coupled with dark dye mixed into the water, limited visibility below base level.
Once the run was complete, the tank was drained and repeatedly sliced longitudinally at an interval of 2.5 cm. Each slice was digitally photographed, and in several cases, latex peels were made. Stratigraphy and structure were defined and mapped along these peels and high-resolution images. In the absence of clear marker beds, regional correlations were checked by stacking digital images of successive cross sections into a movie (downloadable at the Web site listed subsequently) and tracing individual groups of strata and structures across the width of the basin. The videotape of the basin surface during the experimental run allowed us to correlate shoreline positions seen in map view (Figure 2A ) with the history of absolute baselevel change ( Figure 2B ). Chronologic framework was established by mapping shoreline positions observed in map view (Figure 2A ) with those seen in stratigraphic cross section (Figures 3, 4) . This approach is somewhat subjective, therefore, the position of time lines in Figure 4 should be considered an approximation. Strata on the peels are defined by small-scale, semicontinuous couplets of alternating quartz (white) and coal (black) grains, which produced discontinuous laminae (Figures 3, 5) . In the fluvial part of the system, the couplets represent various processes including small-scale bar development, larger scale bar formation associated with the bifurcation events, and slack-water deposits formed during flow abandonment. Individual couplets, or more commonly, groups of couplets can be traced along much of the length of the fluvial part of the basin. Quartz grains, which are more dense, were selectively deposited upstream and typically pinched out near but slightly beyond the shoreline. Detailed correlations offshore are difficult in most of the section where only coal was deposited. When quartz grains were transported offshore, however, which is common during times of falling base level, stratigraphic correlations were mappable. Quartz/coal couplets are found in the deep-water part of the section during times of rapid base-level fall and represent downslope transport, likely by grainflow processes.
We developed our analysis primarily from two cross sections: the first section was 210 mm to the right (facing downstream) of the center line (section ‫,012ם‬ Figure 3 ), and the second was 370 mm (section ‫,073ם‬ Figure 5 ) to the right of the center line. The first section was chosen because it is the site of initiation of the incised valley that formed during the rapid base-level cycle and is the focus of discussion in this article. The second section lies closer to the basin margin, thus it has slower subsidence rates, but it was more starved of quartz sediment, providing a useful comparison of along-strike changes in stratigraphic character.
Ancillary materials related to this study are available through the World Wide Web Ͻhttp:// faculty.gg.uwyo.edu/hellerϾ and from there link to the Experimental Basin Study site. These materials include a downloadable TIFF image of cross section ‫;012ם‬ movies (in Quicktime format) of the mechanics of the experimental basin, key parts of the basin run, and dissection of the resultant basin fill; color versions of interpretations and other figures; and a link to the XES Web site at the University of Minnesota. Although we interpret time (Figure 4) , structure (Figure 6 ), lithofacies (Figure 7) , and sequence stratigraphy (Figure 8 ), the reader is encouraged to use these interpretive figures only as a guide to relationships to be observed on the unadulterated photo (Figure 3 ), of which a posterscale version is downloadable from the Web site.
The basic approaches of sequence stratigraphic analysis have not greatly changed since the original work of Exxon (Vail et al., 1977; , and they are used in this article. We note that high-resolution variations in sequence geometries and their relationship to relative and absolute base level are more controversial. In stratigraphic cross section, fundamental surfaces, sequence boundaries (SB), maximum flooding surfaces (MFS), and systems tracts were mapped based on time lines, unconformity data, and lithofacies distributions. Pervasive postdepositional normal faulting near the upstream basin margin, caused by space problems and edge effects in the experiment, prohibited unambiguous tracing of surfaces in this part of the basin. Detailed analysis in this part of the basin was not conducted. These problems are reduced in the full-scale experimental basin.
Terminology
For the sake of clarity and brevity we define specific terms used in our description of the basin and stratigraphy. "Subsidence" refers to absolute movement of the basin floor, as controlled by removal of material from below the elastic membrane. In this article, "base level" is synonymous with "absolute base level" and herein refers to the absolute elevation of the free surface of standing water in the downstream end of the basin. This position is controlled by fixed head tanks outside of the basin and so it is analogous to eustatic sea level. Although for purposes of discussion we draw on this analogy, we realize that the miniature tank does not capture any of the complexity of waves and currents that develop in large bodies of water. Datum for base level is the elevation at Hour 0. Where appropriate, we refer to the resultant accommodation space, created by a change of absolute base-level and subsidence as "relative base level." We use "basinward" to refer to the downstream (down basin) direction, akin to "seaward." An "equilibrium" shoreline position is the average location of shoreline under conditions of fixed base level, constant subsidence rates, and constant sediment supply. High-frequency shoreline migrations surround this average position. Lastly, we use "Hour" to represent absolute time since the beginning of the experiment and "hr" to refer to the relative duration of individual events.
G E O M O R P H I C A N D S T R A T I G R A P H I C R E S P O N S E T O B A S E -L E V E L C H A N G E
The basin run lasted a total of 54 hr and consisted of eight phases of base-level change beyond the initial period of nonequilibrium. These phases form the temporal framework for the study ( Figure 2B ). The initial nonequilibrium phase involves a fixed base level, no subsidence, and the introduction of sediment to the tank. The resulting Gilbert delta was dominated by sheet flow, which also took place intermittently throughout the rest of the basin run. Surface slopes of the fluvial system reached about 10 ‫1מ‬ , and flow was supercritical. This fluvial slope was roughly maintained throughout the study and is set by the rate of extraction of sediment in the fluvial part of the basin. Selfforming subaqueous slopes were about 28Њ during this stage and throughout the experiment. Early deposition before subsidence was turned on represents a transient condition that occurs at initiation of any experiment. The nonequilibrium deposits were not analyzed in this study. We report, for each phase, observations of the geomorphic development that occurred as the experiment progressed followed by how these observations are manifested in the stratigraphic record as seen in the peels.
Equilibrium 1
Once the Gilbert delta migrated out to the basin midpoint, subsidence was initiated at Hour 0. During the rest of the study sediment-water discharge and subsidence rates were held steady. For the first 10 hr, the system was run with a fixed base level. During this time the shoreline maintained an average position in the zone of maximum subsidence. This position was imposed by the balance of sediment supply, quartz-tocoal ratio, and subsidence rates. Shoreline repeatedly migrated landward and basinward of this position on Figure 2 . Lines are dashed where inferred offshore. The 46 Hour time line separating equilibrium 2 from the fast base-level fall has been subsequently eroded in most places during continued fall. These equilibrium deposits are only preserved where offset by normal faults; however, their location is inferred based on estimated thicknesses and growth-fault history. The major boundary marked at Hour 47.25 on the right end is a time-transgressive erosional surface. The time of turnaround in sea level, at right end of this surface, is at Hour 47.25. Elsewhere along its length the surface underwent erosion and/or was exposed from as early as Hour 46.1 until as late as Hour 48.0. The exact position of the time lines is approximate because beds were subjectively picked based on eyeball estimate of relative positions of successive shorelines. Abrupt steps of time lines are caused by bed offset across faults (see Figure 6 ). Greater uncertainties, shown with dashed lines, exist within the coal beds, due to lack of markers, and within growth-fault slices where preservation is spotty. The position of the base of equilibrium 2 deposits is tentative, based only on estimates of sedimentation rates and fault offsets. the scale of 10 cm (Figure 2A ). Because the sediment discharge into the basin was held constant, these shoreline migrations are controlled by autocyclic (i.e., intrinsic) processes including channel switching, channel bifurcation events, and episodic shunting of the flow to the basin walls. Such events are common in nature and in other experimental studies (Schumm et al., 1987; Wood et al., 1993) .
During this equilibrium phase, midchannel bars developed in the fluvial system whereby erosion of the channel walls widened the flow and the resulting flow expansion forced deposition of a longitudinal bar. This bar growth is similar to the way that gravelly midchannel braided stream bars develop.
Stratigraphy
On average the shoreline maintains an equilibrium position near the site of maximum subsidence throughout this part of the stratigraphic section (location A, Figure  7 ). Higher frequency transgression and regression of the shoreline is superimposed on this average position. Differential accumulation increasing toward the basin center is accommodated, in order of decreasing importance, by an increase in number of laminae toward the basin axis, local scouring toward the source area, and thickening of individual couplets basinward. Scouring in the zone of transient erosion (Figure 8 ) includes the effects of repeated channel widening, sweeping, and bar deposition described previously.
Slow Base-Level Fall
Beginning at Hour 10, base level in the tank was dropped at a rate of 0.66 cm/hr until a maximum fall of 0.9 m was reached at Hour 22 ( Figure 2B ). Coincident with the start of base-level fall, the shoreline began to move basinward at a steady rate ( Figure 2A ). Superimposed on this overall regression are many small-scale cyclic, high-frequency shoreline migrations, although the magnitude of these migrations is greatly reduced (i.e., Ͻ10 cm). The magnitude of these shoreline migrations is far larger for line ‫,073ם‬ which is located near the basin margin ( Figure 1B ), than for line ‫.012ם‬ This may reflect the greater abundance of sediment supplied closer to the basin center line, which tends to reduce the ability of the shoreline to transgress along the basin axis.
During the slow fall, incision began at the shoreline near the basin center line at about Hour 18.4. From this point, erosion abruptly migrated headward, and, more slowly, laterally, widening the valley as it went ( Figure 9A -E). As the valley lengthened and widened, deposition took place immediately downstream of the retreating knickpoint so that the erosion/deposition transition zone migrated upstream ( Figure 9A-D) . The proximity of the erosion and deposition in space and time suggests that the flow strength hovered close to threshold between these two regimes. As a result, a slight increase in sediment flux caused by knickpoint erosion was sufficient to force deposition just down flow (Schumm et al., 1984; Wood et al., 1993) .
Stratigraphy
Broad erosion produced a subtle angular unconformity in the upstream part of the basin fill (SB 1 in red in Figure 8 ), becoming paraconformable downstream. This feature comprises the first sequence boundary (SB 1) seen in the section. As the unconformity lengthened headward, deposition that took place farther downstream is manifested as coastal onlap above the unconformity. To some extent onlap may reflect the need of the transport system to build up its slope in order to deliver sediment farther out across the basin. More importantly, onlap by highstand systems tract is a common trait of relative base-level rise or stillstand in natural systems, which is also the case here. Rapid subsidence of the central part of the basin causes a slight relative base-level rise, despite the fact that absolute base level is falling.
During and following the time of unconformity development, quartz grains were delivered to the slope. Where present, these white grains outline the geometry of the slope (location B, Figure 7 ). In this area, regressive slope deposits develop cycles of progradation, characterized by steep sectors of white grains, and aggradation, characterized by lower angle onlap back against the slope. Similar features are commonly observed in seismic sections of continental margins (Tesson et al., 1990; Sydow and Roberts, 1994) . In the minibasin, however, these progradation/ aggradation sequences are solely formed by autocyclic processes because there are no changes in subsidence rate, base level, or sediment supply delivered to the basin on the time scale or length scale that these features form.
Base-Level Lowstand
The shoreline impinged upon the tank wall after 12 hr and 9 cm of absolute base-level fall, forcing us to halt the fall. At this point we allowed base level to slowly rise (0.15 cm/hr) over a period of 6 hr. We refer to this as a base-level lowstand, although in truth absolute base level was rising very slowly ( Figure 2B ).
Unfortunately, harsh shadows and obstructions made it impossible to accurately measure shoreline position or turnaround time from the videotape once it reached the most distal end of the basin (Figure 2A ). Certainly within 2 hr of the start of the lowstand, shoreline had turned around, and transgression was occurring.
Stratigraphy
Although lowstand is, in reality, a very slow rise in base level, there is a time lag between beginning of lowstand and turnaround of the shoreline to a transgression (Figure 2) . Undoubtedly, this has to do with continued sediment delivery and resultant shoreline progradation during lowstand time. This type of lowstand progradation has also been seen in seismic-scale outcrops (Mellere and Steel, 1995) .
Slow Base-Level Rise
Beginning at Hour 28.5 and lasting until Hour 40, absolute base level was slowly increased (0.66 cm/hr) back to its original elevation ( Figure 2B ). Deposition continued to occur as transgression took place by a series of backsteps (locations C, Figure 7 ) that seemed to develop nearly simultaneously across most of the basin (Figure 2A) . Although backstepping is a common observation in natural transgressive systems, in the experiment the backsteps seem to have been induced by repeated, autocyclic shunting of the sediment flow off to the sidewalls of the basin, as seen on videotape. Maximum flooding in the basin occurred during the slow rise at about Hour 34.8. Subsequently, regression began at a rapid rate, but judging from Figure 2A , either slowed down exponentially over time or possibly abruptly slowed down at the end of the period of slow base-level rise.
Stratigraphy
The slow rise is recorded by a transgressive, backstepping systems tract (Figure 8 ). During shoreline retreat there are few landward pinch-outs of stratigraphy and certainly no consistent coastal onlap. The transgressive systems tract leads to a maximum flooding surface (MFS 1, Figure 8 ) that developed before absolute base level had reached its highstand (Figure 2) . During the slow base-level rise there was substantial trapping of coal in the lower reaches of the fluvial system (estuaries). This produced more coal-rich deposition (gray) at the shoreline during the transgressive systems tract (locations C, Figure 7 ) up to and including the maximum flooding surface. Fine-grained deposition in estuaries is typical of natural systems (Dalrymple et al., 1992) and in the experimental basin stands in contrast to the more sharply defined shorelines observed during the previous slow base-level fall. Subsequent regression begins as the result of reduction in rate of base-level rise. 
Equilibrium 2
For 6 hr, beginning at Hour 40, absolute base level was held constant. The rate of shoreline progradation decayed rapidly to a nearly fixed position after the first 2 hr of this phase.
Stratigraphy
Most of the sediment recording this time was removed during the subsequent rapid base-level fall. By matching shoreline migration patterns in deposits that were subsequently offset by growth faults and calculating average sedimentation rates, we interpreted that some equilibrium 2 deposits are preserved locally in the growth structures and possibly in some of the underlying coaly sediment as shown in Figure 4 . As discussed subsequently, growth faults (location D, Figure 7 ) must have begun and undergone most of their motion prior to the onset of rapid base-level fall.
Rapid Base-Level Fall
At Hour 46, rapid base-level fall was initiated ( Figure  2B ). The rate of fall was 8 cm/hr for 1.25 hr. This rate was approximately a factor of 10 faster than the slow base-level fall but of similar total magnitude (10 cm). Synchronous with the fall, shoreline abruptly stepped basinward. Within 0.12 hr an incised channel began to develop along the entire length of the fluvial system ( Figure 9F ). As base level continued to fall, the fluvial system cut deeper, leaving small strath terraces along the valley sides ( Figure 9G ), identical with those observed in other experiments (Wood et al., 1993; Koss et al., 1994) and in drained reservoirs . Valley incision lengthened as base level continued and the shoreline was forced seaward (Figure 9G) . Once channel erosion breached the shoreline the incised valley quickly developed as a through-going feature that is dominantly erosional upstream and depositional at the channel mouth ( Figure 9H ). Valley incision caused flow to focus into the main channel, abandoning and incising through other flow paths (Figure 9H) . Any temporary deposition at the mouth of the valley was soon incised as base level continued to fall and the incised valley lengthened (Figure 9H-J) . Valley width, however, did not greatly increase during the fall.
During the second half of the fall, surface ruptures, later shown to be growth-fault escarpments, could be seen forming near the shoreline (Figure 9I, J) . These fault scarps generally stepped basinward over time.
Stratigraphy
The floor of the incised valley produced a sharp, subplanar (corrected for subsequent subsidence) sequence boundary (SB 2 on Figure 8 ) along cross section ‫,012ם‬ although in line ‫073ם‬ some erosional relief can be seen as a buttress unconformity at the valley margin. As base level continued to fall over time, the valley incision cut out and down into slope deposits that were laid down earlier during the fall. This progradation caused by base-level fall is termed a "forced regression" (Figure 8 ) (Posamentier et al., 1992) and the perpetuation of the erosive sequence boundary out, across, and above the forced regressive tract is also documented in nature (Hunt and Tucker, 1992) . As seen in the basin, and in nature, forced regression is characterized by an abrupt shallowing in depositional environments, in this case fluvial over slope deposits that have intervening environments missing, typically across a disconformable surface. The sequence boundary nucleated at the shoreline when the rapid fall began and propagated both basinward and landward over time.
During rapid fall, the slope abruptly prograded basinward. Early on, these deposits were solely composed of coal. Later, as base level continued to fall, the fluvial realm changed from being a site of sediment storage to a dominantly erosional regime of sediment bypassing and reworking. The result is a rapid Figure 9 . Oblique views of the basin run during slow (A-E) and rapid (F-J) base-level fall. Sketches are made from the videotape of the experiment. View is similar to Figure 1 , except that the camera is placed at the lower right of the diagram about 20Њ above the horizon. From this angle, escarpment development only on the far side of the incised valley can be seen, as shown here. Sedimentwater mixture is dispersed from the cylinder on the right, and base level is controlled at the cylinder on the left. Approximate position of shoreline and location of sections ‫012ם‬ and ‫073ם‬ are shown at each time. Only the times of major unconformity development (sequence boundaries) are shown, lasting about 55 min during both the slow and rapid base-level falls. Scale bars shown in parts A and F are only approximate because of perspective distortion. A video (Quicktime) version of the slow and fast base-level falls is downloadable from Ͻhttp://faculty.gg.uwyo.edu/hellerϾ. transition from coal into quartz-rich sand deposition in the deeper parts of the basin. These units were transported to the deeper basin as what we interpret to be grainflow lobes. Evidence of grainflow origin include deposition as thin flows on steep, angle of repose slopes; strongly three-dimensional tonguelike geometry of depositional units (e.g., location E, Figure  7 , which in three dimensions is seen to be an oblique cut through a lobe toe); lack of significant erosion along the deposit base; and rapid changes in thickness as a function of curvature of underlying topography (including abrupt pinch-out at the base of slope). Rapid accumulation on the slope in this basin took place during the rapid base-level fall and not at all during the subsequent rise of base level. Hence these deposits comprise a forced regression systems tract (Figure 8 ) that is clearly earlier than the lowstand systems tracts that are commonly associated with slow rise of relative base level (Posamentier et al., 1992) .
Although spoon-shaped growth faults (location D, Figure 7 ) are obvious across the width of the basin and seem related to surface escarpment formation, later analysis demonstrated that these structures mostly formed during the previous stillstand of sea level (equilibrium 2).
Rapid Base-Level Rise
From Hour 47.1 to 48.3, base level rose at a rate of 8 cm/hr back to its original level ( Figure 2B ). Shoreline abruptly retreated upstream in direct response. Backstepping, if present, is less pronounced than during the slow rise. Maximum flooding occurred precisely at the end of the maximum base-level rise. As seen in Figure  2A , however, this maximum flooding reached much farther landward than at any other time in the experiment. In part the exaggerated distance of transgression is caused by shunting of most of the sediment-water flow off to the sidewalls of the basin, as also seen during the slow rise. As discussed elsewhere, however, greater rates of base-level rise tend to cause the largest transgressions (Burns et al., 1997; Swenson et al., 2000) .
Stratigraphy
The turnaround in the rapid base-level cycle resulted in very rapid backfilling (i.e., onlapping) of the incised valley (Figure 8 ). At the shoreline within this transgressive systems tract, a thickening-and fining-upward sequence is found in at least half of the sections measured across the basin (location F, Figure 7 ; Figure 10 ). This transgressive sequence is capped by a maximum flooding surface (MFS 2, Figure 8 ), which formed when absolute base level stopped rising. The thickening-and fining-upward sequence formed as increasing amounts of sediment were trapped in the estuary during rapid base-level rise (i.e., so aggradation rates increase locally) at the same time that coarser facies were forced upstream by the rising base level and trapped in the proximal part of the basin. Although the units above MFS 2 recorded a coarsening-upward, prograding highstand systems tract (Figure 10 ), there is no clear systematic change in bedding thickness within this part of the cycle.
This symmetric sequence of deposition is generally consistent with the model of topset bed thickness described by , although maximum flooding, in their model (see figure 13 in Posamentier et al. [1988] ), would occur later than is observed in this experiment. One key aspect that we view as being significant for natural basins is that we can only see this symmetric thickening-upward and then thinning-upward sequence during transition from rapid base-level rise to equilibrium base level. We are unable to identify a similar cycle during the transgression associated with the slow base-level rise. The stratigraphic signature of the rapid base-level rise appears very different from the slow base-level rise in this respect.
Equilibrium 3
For the remainder of the experiment (ϳ 2 hr) the system was again returned to steady conditions (i.e., no base-level change, constant sediment discharge, and constant subsidence rates). The shoreline began to step Figure 10 . Bed thickness, normalized by minimum bed thickness in section measured, of sequential beds (bed number) surrounding the maximum flooding surface (MFS 2) of the rapid base-level rise in 14 sections throughout the basin. All sections were measured above sequence boundary 2 at a location just upstream of shoreline turnaround at MFS 2. The stratigraphic cross sections used were spaced 25 mm apart. The location of each cross section, in millimeters to the left (minus values) and right (positive values) of the center line, is given below each graph. Those sections with pronounced thickening-upward trend are shown with curved half arrows. basinward in response. The rate of shoreline progradation appeared to decay exponentially over time, similar to that seen following maximum flooding during the slow base-level rise.
Stratigraphy
A prograding highstand wedge was deposited during this phase. Although no surface ruptures were obvious during this part of the experimental run, the resultant cross sections showed a series of growth faults had developed during this phase (location G, Figure 7) . Because either surface rupture or a topographic sag above a blind normal fault are prerequisites for growth faulting, we assume that fault offset was slow enough, relative to sedimentation rate, that surface topography was filled during offset. Although the youngest of these faults may have occurred during subsequent draining of the basin, earlier faults are overlapped and must have developed during deposition. In contrast to the growth-fault development during the rapid base-level fall, these features could not have developed because of changes brought about by base level, such as variations in hydrostatic pressure, because no such changes took place.
C O M P A R I S O N O F S E Q U E N C E B O U N D A R I E S B E T W E E N S L O W A N D F A S T C Y C L E S
Unconformities that originated as incised valleys developed during both slow and fast base-level falls. In both cases at the start of the base-level fall, flow was not limited to the incised valleys but spread out across the entire exposed part of the basin (e.g., Figure 9A , F). As valleys became larger and more incised, flow was channeled into the valley, and adjacent areas became emergent. Rapid headward erosion by knickpoint retreat was primarily a function of the local flow characteristics and weakness of bank materials and not the result of the long-term balance between subsidence and base-level change. In both cases incised valleys nucleated along the route of the primary flow path that was extant at the time. In the case of the slow baselevel fall, the valley happened to develop along the basin center line and during the rapid fall it developed close to line ‫.012ם‬
Beyond these similarities the sequence boundaries developed during the slow and rapid falls bear little resemblance to each other. Although these differences are shown in Figure 9 , they are most obvious on videos of the experimental run. During the rapid base-level fall, a relatively narrow, deep incised valley quickly developed ( Figure 9F-H) . Over time, the valley width remained fairly narrow; however, its length increased by continued exposure of deltaic deposits at the valley mouth as base level fell. Downcutting through these delta-slope foresets (dipping ϳ30Њ) and earlier growthfault rotated deposits led to the development of an angular unconformity (SB 2, Figure 8) . Maximum incision depth of the valley, estimated from stratigraphic cross sections, is about 1.5-2 cm, or many times the maximum flow depth of the streams cutting the valley. Incised valley formation continued for the entire duration of the base-level fall. Filling of the incised valley did not occur until the subsequent base-level rise.
In contrast, during the slow base-level fall, incision at the shoreline did not begin until about 3.5 hr after the start of the fall. Over the next 0.16 hr, it cut headward and started to widen ( Figure 9A-E) . Maximum incision depths were never very deep (about a few millimeters), only a few times the flow depth of the incising stream. On the heels of the knickpoint retreat is a headward migrating wave of deposition that was initially restricted to the lower part of the valley but eventually filled in the entire valley. Figure 9A -D shows how the limit of the depositional fill followed the erosional knickpoint upstream, albeit at a slower rate. As erosion continued to cut the valley wall, deposition was never far behind. As a result, the cutting and filling stages were penecontemporaneous, resulting in an erosion and onlap cycle that is strongly time transgressive.
The total duration of unconformity development during the slow base-level fall was surprisingly short. It took only about 1 hr for the valley to widen all the way across the basin. As it did so, incision depth decreased, feathering out along the valley walls. Beyond this time, widespread aggradation continued ( Figure  9E ), probably forced by continued subsidence of the basin floor. This sequence boundary can be recognized in cross section by a subtle, low-angle unconformity, onlapped by fluvial deposits (SB 1, Figure 8 ). In the basin center, where subsidence rates were higher and there was less tilting of the basin floor, the sequence boundary becomes conformable. The angular unconformity is only seen in parts of the basin that were briefly emergent during valley formation but slightly tilted by continued subsidence.
We must emphasize the strong contrast in style between the different sequence boundaries. The rapid base-level fall generated a classic incised valley during nearly its entire duration (i.e., ϳ100% of the fall).
Incision was deep, many times the water-flow depth, and increased toward the shoreline. In contrast, unconformity development during the slow base-level fall lasted less than 10% of the duration of the fall. In fact, the slow fall unconformity acted more like a decaying perturbation than a continually incising valley. The perturbation began at the shoreline, apparently as it prograded from a zone of relative base-level rise to base-level fall, discussed subsequently. This small incision abruptly propagated up through the fluvial system, but the shoreline did not continue to incise as base level fell. Maximum incision during the slow base-level fall was never much more than water-flow depth and did not appear to increase toward the shoreline. Such limited scour depths and no increased incision in the downstream direction are not classical indicators of base-level control on fluvial incision (e.g., Brizga and Finlayson, 1990; Best and Ashworth, 1997; Mohrig et al., 2000) .
These results contrast to those of Wood et al. (1993) and Koss et al. (1994) , who found that the deepest incised valleys formed during the slowest baselevel falls. We suspect this difference results from the following: (1) their experiment used mud (up to 13% silt and clay) in the sediment mixture, resulting in more strongly cohesive bank materials than seen in our weakly cohesive fine sands; (2) their experiment was developed on a preformed shelf-slope topography, whereas our depositional topography was selfgenerated; and (3) their experiment lacked subsidence. Without subsidence there is little or no aggradation in the experiment upstream of the shoreline. In general, the longer the time scale of observation, the more important is the factor of subsidence in basin aggradation (Paola et al., 1991; Paola, 2000) , and the less deeply eroded are the valley incisions. In our case, the deepest and steepest incised valley formed during the most rapid fall in base level. This result is consistent with theoretical models that suggest that our ability to recognize such features may be inversely related to the duration of base-level fall events (Paola et al., 1991 (Paola et al., , 1992a Burns et al., 1997; Swenson et al., 2000) .
I N F L U E N C E O F R E L A T I V E B A S E -L E V E L C H A N G E S
In addition to changes in absolute base level, the spatial changes in subsidence rate across the basin also influence the rate of creation of accommodation space. To consider the influence of relative base level on shoreline migration and the distribution of unconformities, we calculated relative base-level curves for two locations along line ‫.012ם‬ Relative base-level curves (Figure 11A ) are generated by combining the known history of absolute base-level change ( Figure 2B ) with local subsidence rates measured at the updip and basin center points along the cross section (Figures 6, 7, 8) . The basin center curve represents the relative sea level at the point of maximum subsidence along line ‫.012ם‬ The updip curve is taken at a point near the outboard limit of the zone of extensive normal faulting.
Relative base-level history differs in timing of inflection points from the absolute base-level history (compare Figures 2b, 11) and better fits the times of shoreline turnarounds ( Figure 11B ). One major difference between the basin center and updip positions on line ‫012ם‬ is that during the time of absolute base-level Figure 1B. fall, the basin center underwent a slight relative rise of base level (at ‫2.0ם‬ cm/hr), whereas the updip position experienced a relative fall of base level of 0.3 cm/hr (Figure 12 ). This slight difference, caused by increased subsidence rates toward the basin center (Figure 12 ), explains the time-transgressive onlap of SB 1, seen in section ‫012ם‬ at a time when absolute base level is falling.
Partitioning of zones of relative base-level change due to variations in subsidence rates, as seen here, has been suggested as controlling the character of sequence boundaries in natural basins (e.g., Posamentier and Allen, 1993 ). Thus it is not surprising that incised valley formation did not begin during the absolute base-level fall until such time as the shoreline moved into the shaded zone of Figure 12 . Once incision began, however, the knickpoint quickly migrated upstream through the region of relative base-level rise (center of Figure 12 ) because knickpoint retreat, controlled by water discharge, occurs on a much quicker time scale than the net balance between sedimentation and subsidence in this region.
G R O W T H -F A U L T D E V E L O P M E N T
The basin contains both normal and reverse faults. Most of these, particularly in the earlier part of the basin fill, show minor offsets associated with changes in line length and local stress regimes resulting from strong curvature of the subsidence geometry. Many of these normal faults are concentrated in the proximal part of the basin where strata are pulled away from the fixed basin wall, rendering stratigraphic interpretation nearly impossible.
Extensive growth faulting developed across nearly the entire width of the basin prior to, and during, the time of rapid base-level fall. This is based on observed surface ruptures that developed during the fall ( Figure  9I-J) ; subsequent continuous basinward translation of surface markers near the shoreline; and cross-cutting and overlap relations seen in the stratigraphic sections. A second episode of growth-fault development, not as extensive as the first, took place late during equilibrium 3 as seen in cross section (location G, Figure 7 ). This episode accommodated much less slip than the earlier events and produced no visible surface ruptures. In cross section, between one and six individual faults can be seen in the cluster between SB 1 and SB 2 (five are seen in section ‫;012ם‬ three are seen in section ‫.)073ם‬ In general, all faults stepped basinward and up section over time. The number of individual faults is as few as one, and as many as six in different cross sections. In serial sections, several structures can be traced uninterrupted across the width of the basin.
In the peels, the faults have a characteristic listric geometry, accommodated moderate slip, and apparently sole into coal horizons. Maximum offsets along these structures are significant, reaching more than 32 cm along the largest structure. Cumulative offset along line ‫012ם‬ is approximately 48 cm, which translates into a line length increase of 52% across the growth faults. This stands in contrast to a line length increase across the entire length of the basin of just 2% for directly underlying deposits. Unfortunately the lack of clear marker units precludes compilation of a detailed history of offset along the faults. By measuring dip angle and thickness of each couplet at the cutoff point along each normal fault and assuming that all of these structures developed sequentially with no overlap of motion, we can, however, estimate the movement history ( Figure 13 ). Although in detail this assumption is likely incorrect, we are struck by the overall linearity of rotation rates that suggests faulting at more or less constant rates as base level fell. The magnitude of slip between the headwall and toe regions (i.e., near the base of the depositional slope) of any fault is not equivalent. This suggests that deposition on the slope took place as growth faulting continued so that younger slope deposits show less slip. The exact timing and duration of growth faulting relative to changes in base level can only be approximated. Since surface offset was observed intermittently during rapid base-level fall ( Figure 9I , J), we know that some minor movement took place over this time. We believe that most of the motion took place earlier, however, during equilibrium 2. In part this interpretation comes from analogy with the uppermost set of growth faults, which must have occurred during equilibrium 3 (since there was no later base-level fall). Our interpretation of timing mostly rests on the relationship of growth structures to the times of changes in sediment partitioning along the delta front. In serial cross sections, we notice that growth faults are restricted to deposits laid down during equilibrium 2. These sediments were deposited in nearly equal abundance from a line source along the delta front that stretched across the entire width of the basin. In threedimensional (3-D) view, this sedimentary wedge has a consistent geometry across the width of the basin. In contrast, during the rapid base-level fall, the dispersal system quickly narrowed down into an incised valley that acted as a point source for sediment delivered to the deep basin. These quartz-rich, mass-flow deposits have a strong 3-D progradational geometry, which is not much offset by growth faults. Thus, we believe that growth faulting is primarily associated with the highstand systems tract with only minor motion during the subsequent base-level fall. In fact, we suspect that deep-basin deposition by grainflows helped arrest fault movement by increasing effective normal stresses and buttressing the slope.
The other factor that likely influenced the evolution of growth faults is the asymmetry of basin subsidence, which tends to increase the steepness of the depositional slope in the upbasin direction and decrease the slope farther downbasin. These tilts, respectively, contribute to the forces driving and arresting fault movement. The fact that these structures did not develop during an absolute or relative base-level fall means that changes in hydrostatic pressure and/or loading caused by a drop in base level are not a prerequisite for growth faulting. At this time, however, it is unclear how growth-fault development in the experimental basin scales up to natural systems.
P R O X Y P O R O S I T Y A N D R E S E R V O I R D E V E L O P M E N T
A relative difference in grain density of a factor of greater than two exists between the quartz and coal grains. This difference led to strong partitioning of grain composition across the basin and provides an indicator of variations in flow rate that led to local trapping of sediment of various mixes of quartz and coal. As the quartz/coal mixture varies, so does light reflectance seen on the digital image of each cross section.
Using standard image analysis software (NIH Image), we use gray-scale density across the image as an indicator of percent quartz. In turn we interpret this to be an indicator of sorting in the deposit and, therefore, a proxy for porosity.
The lightest shade seen within the peel is assumed to equal 100% quartz and the darkest shade 100% coal. We assume that gray scale varies linearly with the proportion of coal. Given that light saturation problems exist (e.g., uneven lighting, edge shadows, etc.) we believe results are only useful to indicate general trends. Since minimum pixel size is significantly larger than grain size in the section, the analysis averages shade density over many grains. Figure 14 shows the results for line ‫012ם‬ highlighting areas that are composed of 75% or more quartz grains (that is the lightest 25% of shades of gray). This we take as a proxy for the best sorted, most porous deposits. Problem areas include the most proximal part of the basin, which we deleted from Figure 14 , but that generally has abundant quartz. Also edge effects occur along the outline of the peel and should be ignored.
The results of the analysis show many dispersed areas of high proxy porosity. Many of these follow individual beds or occur in small patches. Four more continuous zones of high proxy porosity, however, are worth pointing out. First, of course, there is the most proximal part of the basin near the source area (zone 1, Figure 14) . This zone is unexceptional, except perhaps for the prograding tongue formed early during equilibrium 3. Second are the grainflow deposits that prograded during the rapid base-level fall (zone 2, Figure 14) . This potential reservoir is exceptionally clean and may in part be due to internal sorting during grain flow that leads to slight inverse grading. In addition, because many grainflows are remobilized deposits Figure 14 . Proxy porosity of line ‫.012ם‬ Pixels in red are those areas of lightest shades of gray, interpreted to represent zones of 25% or less coal. The figure is generated by (1) rasterizing the image to 256 shades of gray (tint), (2) determining the minimum and maximum tints within the photo, and (3) normalizing this range and highlighting only those pixels that fall between 0 and 25% of these values. We assume that highlighted pixels represent zones of greatest porosity and, therefore, potential reservoir distribution. Zone 1 (mostly erased because of contrast problems), zone 2, zone 3, and zone 4 represent areas of enhanced proxy porosity discussed in the text.
carried basinward through the incised valley, reworking of previous sediment with attendant improvement of sorting was likely.
Another potential reservoir setting is adjacent to, but in the hanging wall of, growth faults. Growth structures that developed both during the rapid fall and during equilibrium 3 are markedly cleaner in their uppermost parts (zone 3, Figure 14) . We suspect that enhanced sorting is the result of selective deposition of the denser quartz grains (Paola et al., 1992b; Seal and Paola, 1995) in the localized zones of subsidence on the hanging walls of these faults. Reservoir development in this setting, therefore, primarily reflects local interplay between subsidence and sediment supply.
Finally, a surprisingly continuous reservoir exists within the lower part of the transgressive systems tract deposited during the rapid base-level rise (zone 4, Figure 14) . This part of the tract represents backfilling of the previously cut incised valley; therefore, flows were confined to this channel during the early part of baselevel rise. Confined deeper flows generate higher shear stresses than unconfined or broader channel flows. Deeper flows generate higher shear stresses capable of carrying more fine (or low density) grains through the system. The result is a lag sand of relatively high porosity deposited within the confined valley. Coal grains tend to be washed out to the deeper basin. The earlier slow base-level rise has no such enhanced porosity. In fact, the slow rise produced far dirtier deposits in the lower parts of the fluvial system, akin to flooded estuary deposition. We believe the increased shear-stress interpretation is most likely because the basin had no waves or marine currents with which to otherwise clean up the transgressive deposits.
S U M M A R Y
The experimental subsiding basin (XES) at St. Anthony Falls Laboratory of the University of Minnesota has the ability to incorporate subsidence variations over time and space, which provides a means of analyzing the stratigraphic development of a basin under highly controlled conditions of sediment-water supply, subsidence, and absolute base-level change. Future enhancement of the facility will include wave and rainfall generators, a system for measuring surface topography and a much larger basin (448 cells). In the small (10 cell) prototype basin, we developed basin stratigraphy under conditions of steady but spatially varying subsidence, constant sediment discharge fed from a point source at one end of the basin, and varying rates of absolute base-level change. We have analyzed the fill in terms of structural, lithostratigraphic, sequence stratigraphic, and proxy porosity development in order to characterize the basin fill under these specific conditions. At minimum the resulting stratigraphy has heuristic value.
Shoreline trajectories closely follow the history of relative rather than absolute base-level change that varies across the basin. Sequence boundaries are characterized by the development of incised valleys during both slow and rapid relative base-level fall. The slow relative base-level fall, however, led to the development of a broad, shallow erosion surface that was recorded in the stratigraphic record as a subtle angular unconformity that became conformable downstream. Such a feature could easily be overlooked in the rock record. In contrast, the rapid relative base-level fall led to a narrow, deep incised valley that is easily recognized in stratigraphic cross section. Thus in the experiment, ease of recognition of the sequence boundary was inversely related to duration of absolute base-level fall.
The different time scale of the slow vs. rapid absolute-level change also appears to influence the stratigraphic record in the following ways: (1) A thickening-and fining-upward sequence that changes into a thinning-and coarsening-upward sequence characterizes the maximum flooding surface at the end of the rapid base-level rise but is absent during the slow base-level rise; (2) the magnitude of transgression is far greater for the rapid base-level rise than during the slow rise; (3) the time of maximum flooding occurs nearly synchronous with the end of the rapid base-level rise, whereas the slow rise produced maximum flooding far earlier than the end of the rise; and (4) clear differences in geometry, extent, and duration of incised valley formation exist between the two different baselevel cycles. Some scientists have suggested that similar types of differences in stratigraphic development occur in natural basins with different time scales of absolute sea level change (e.g., Angevine, 1989; Jordan and Flemings, 1991; Paola et al., 1991; Johnson and Beaumont, 1995; Burns et al., 1997; Paola, 2000) , indicating that time scale and/or rates exert a major influence on sequence stratigraphic development.
Four zones of enhanced potential reservoir development are seen: (1) the most proximal part of the basin, where grains of greatest mass are deposited; (2) deep-water forced regressive systems tract composed of grainflow deposits; (3) the upper part of growth-fault bounded sedimentary wedges; and (4) transgressive systems tract formed during the rapid base-level rise. The distribution of relatively porous units, combined with their sharp transition into overlying coaly (equivalent to fine-grained) deposits, suggests the possibility that, for a variety of reasons, rapid sea level cycles may produce the best reservoir units.
Several self-organized features also developed in the basin. Particularly noteworthy are the timing and geometries of shoreline trajectories, unconformities, growth-fault development, and sediment partitioning during base-level changes, and a wide variety of autocyclic behaviors, all of which are seen in natural depositional systems. None of these features were caused by short-term changes in any controlling parameters, and they indicate that even relatively large-scale cyclic stratigraphy need not be the direct result of external controls. The wealth of self-organizing features observed in the experiment suggests that the basin captures some of the complexity of natural basins. We do not pretend, however, that small-scale experimental models such as this capture all of the processes that occur in natural basins over long time scales. Nonetheless, it does provide us with an understanding of sedimentary response to a series of well-constrained, independently controlled variables. Thus the model provides a framework to help us look for and understand stratigraphic relationships seen in real-world basins.
